We isolated transposon TnS-GM-induced mutants of Pseudomonas aeruginosa PG201 that were unable to grow in minimal media containing hexadecane as a carbon source. Some of these mutants lacked extracellular rhamnolipids, as shown by measuring the surface and interfacial tensions of the cell culture supernatants. Furthermore, the concentrated culture media of the mutant strains were tested for the presence of rhamnolipids by thin-layer chromatography and for rhamnolipid activities, including hemolysis and growth inhibition ofBacilus subtilis. Many procaryotic and eucaryotic microorganisms satisfy their carbon and energy requirements by using compounds, such as hydrocarbons, that are poorly soluble in aqueous media. The growth on hydrocarbons is often associated with the production of surface-active compounds. Surface-active molecules contain hydrophilic and hydrophobic components, a property that enables such molecules to concentrate at interfaces and to reduce the surface tensions of aqueous media. Several different microbial products that exhibit surface-active properties have been identified in the past. These so-called biosurfactants are produced by certain bacteria and by a number of yeasts and filamentous fungi. They include low-molecular-weight glycolipids, lipopeptides, and high-molecular-weight lipid-containing polymers such as lipoproteins, lipopolysaccharide-protein complexes, and polysaccharide-protein-fatty acid complexes. The common hydrophobic (lipophilic) moiety in biosurfactants is the hydrocarbon chain of a fatty acid, whereas the polar or hydrophilic group is derived from the ester or alcohol functional groups of neutral lipids, from the carboxylate group of fatty acids or amino acids, or, in the case of glycolipids, from carbohydrates. When the surfactants are extracellular, they cause the emulsification of the hydrocarbon. When they are cell wall associated, they facilitate the penetration of hydrocarbons to the periplasmic space. Many of the biosurfactants known today have been investigated with a view toward possible technical applications. Because biosurfactants are readily biodegradable and can be produced in large amounts by microorganisms and thus are not dependent on petroleum-derived products, they might well be able to replace, in some instances, the traditional synthetic surfactants. The structures, properties, and production of biosurfactants have been reviewed extensively; the overview of Reiser et al. (34) is the most recent. * Corresponding author.
glucose-containing media, however, mutant 59C7 produced rhamnolipids at levels about twice as high as those of the wild-type strain. These results show that rhamnolipids play a major role in hexadecane uptake and utilization by P. aeruginosa.
Many procaryotic and eucaryotic microorganisms satisfy their carbon and energy requirements by using compounds, such as hydrocarbons, that are poorly soluble in aqueous media. The growth on hydrocarbons is often associated with the production of surface-active compounds. Surface-active molecules contain hydrophilic and hydrophobic components, a property that enables such molecules to concentrate at interfaces and to reduce the surface tensions of aqueous media. Several different microbial products that exhibit surface-active properties have been identified in the past. These so-called biosurfactants are produced by certain bacteria and by a number of yeasts and filamentous fungi. They include low-molecular-weight glycolipids, lipopeptides, and high-molecular-weight lipid-containing polymers such as lipoproteins, lipopolysaccharide-protein complexes, and polysaccharide-protein-fatty acid complexes. The common hydrophobic (lipophilic) moiety in biosurfactants is the hydrocarbon chain of a fatty acid, whereas the polar or hydrophilic group is derived from the ester or alcohol functional groups of neutral lipids, from the carboxylate group of fatty acids or amino acids, or, in the case of glycolipids, from carbohydrates. When the surfactants are extracellular, they cause the emulsification of the hydrocarbon. When they are cell wall associated, they facilitate the penetration of hydrocarbons to the periplasmic space. Many of the biosurfactants known today have been investigated with a view toward possible technical applications. Because biosurfactants are readily biodegradable and can be produced in large amounts by microorganisms and thus are not dependent on petroleum-derived products, they might well be able to replace, in some instances, the traditional synthetic surfactants. The structures, properties, and production of biosurfactants have been reviewed extensively; the overview of Reiser et al. (34) is the most recent.
* Corresponding author.
The rhamnose-containing glycolipids produced by Pseudomonas spp. (20, 22, 38) are among the biosurfactants to be studied most intensively. The rhamnolipids from Pseudomonas aeruginosa were first described in 1949 (24) , and studies on the biosynthesis of these compounds were carried out in vivo by , who showed that these glycolipids were secreted into the medium during the stationary phase of growth. They also defined the optimal conditions for rhamnolipid production by this organism from various radioactive precursors, such as acetate, glycerol, glucose, and fructose. Burger et al. (6, 7) described the complete enzymatic synthesis of a rhamnolipid by extracts of P. aeruginosa. They were able to show that the synthesis of rhamnolipids proceeds by sequential glycosyl transfer reactions, each catalyzed by a specific rhamnosyl transferase, and that TDP-rhamnose is an efficient rhamnosyl donor in the synthesis of the rhamnolipid according to the following reactions: TDP-L-rhamnose + ,B-hydroxydecanoyl-13-hydroxydecanoate tramferase 1 TDP + L-rhamnosyl-1-hydroxydecanoyl-13-hydroxydecanoate and TDP-L-
hydroxydecanoyl -13-hydroxydecanoate and L -rhamnosyl-L-rhamnosyl-1-hydroxydecanoyl-1-hydroxydecanoate have been designated as rhamnolipids 1 and 2, respectively. Whereas rhamnolipids 1 and 2 are the principal rhamnolipids produced in liquid cultures, rhamnolipids 3 and 4, containing two sugar moieties and one fatty acid moiety and one sugar and one fatty acid moiety, respectively, appear to be produced exclusively by resting cells (38) . The production of rhamnolipids is regulated, and rhamnolipid formation by P. aeruginosa in a mineral salt medium with 2% alkanes as a C source is increased after N03 limitation during the stationary growth phase (39) . A direct relationship between increased glutamine synthetase activity and enhanced biosurfactant production was recently found in P. aeruginosa cells grown in nitrate: increased ammonium and glutamine concentrations repressed both phenomena (28) . Evidently, the control of rhamnolipid production is linked in some way to the control of nitrogen metabolism.
Hisatsuka et al. (17) (18) (19) isolated a "protein-like activator for n-alkane oxidation" from P. aeruginosa. It had a molecular weight of about 14,300 and 147 amino acid residues. This activator was able to emulsify hexadecane and water and stimulated the growth of P. aeruginosa on hexadecane. P. aeruginosa rhamnolipids and the proteinlike activator interacted with each other during emulsification of hexadecane (18) . Other pseudomonads such as Pseudomonas fluorescens have also been reported to produce rhamnolipids, particularly when glycerol is used as a carbon source (39) , and Pseudomonas strains with the capacity to produce biosurfactants other than rhamnolipids when growing on sucrose were isolated from the environment by a simple screening procedure (31) . One of these isolates, P. fluorescens 378, was shown to produce a novel surface-active compound of high molecular weight consisting mainly of carbohydrates and a protein with a molecular weight of 106 and an isoelectric point of 9.1 (32) .
The exact physiological role(s) of rhamnolipids is unclear at this point. They appear to be involved during growth of P. aeruginosa on water-insoluble substrates such as paraffin (23) , and they may serve as virulence factors during colonization of the lung tissue (21) . Our long-term goal is to arrive at a better understanding of the synthesis and roles of rhamnolipids in pseudomonads by using molecular genetic and biochemical tools; as a first step toward this goal, we report here on the isolation and analysis of mutants that are affected in rhamnolipid production.
MATERIALS AND METHODS
Bacterial strains and plasmids. P. aeruginosa DSM 2659 (our strain PG201 [11] ) was used throughout this study, and Bacillus subtilis PG203 (a gift from L. Guerra-Santos) was used in the growth inhibition assay. Plasmid pCHR84 containing a derivative of TnS was obtained from C. Sasakawa (37) .
Growth media. Luria broth (LB) was used to propagate Escherichia coli, B. subtilis, and P. aeruginosa. A minimal medium (11) containing 2% glucose or 0.5% hexadecane was used in some of the experiments. Antibiotics were applied at the following concentrations: 50 ,ug of kanamycin sulfate per ml, 20 ,ug of gentamicin sulfate per ml, 10 jig of trimethoprim per ml, and 20 jig of tetracycline hydrochloride per ml for E. coli and 100 ,ug of gentamicin sulfate per ml or 150 ,ug of tetracycline hydrochloride per ml for P. aeruginosa.
Transposon Tn5-GM mutagenesis of P. aeruginosa. E. coli MC1061 cells harboring pCHR84 were grown in LB containing trimethoprim and gentamicin at 30°C for 12 h, and P. aeruginosa was cultivated in LB at 43°C for 24 h. The cultures were washed twice with sterile 10 mM Tris buffer (pH 7.5) and resuspended in 5 ml of the same buffer. A membrane filtration technique (40) was applied for the conjugation step. Serial dilutions of the mating mixture were plated on LB agar plates containing gentamicin and incubated at 30°C. The colonies appearing after 24 h were collected and transferred to fresh LB containing gentamicin.
After shaking at 30°C overnight, serial dilutions of the cultures were plated onto LB agar containing gentamicin and incubated at 43°C for 48 h.
Screening for mutants defective in rhamnolipid synthesis.
Single colonies obtained after the mating procedure were inoculated into microtiter plate wells (Dynatech) containing LB with gentamicin, and the plates were incubated at 30°C overnight. Part of the culture liquid was then transferred with the help of a spiked cover fitting to a microtiter plate containing 2% hexadecane minimal medium with gentamicin. The microtiter plates were incubated at 30°C for 60 h, and the wells were then checked for growth of the bacteria.
Detection, quantification, and isolation of rhamnolipids. For the detection of rhamnolipids, four independent tests were carried out. These included the lowering of the interfacial tension (IFT) by rhamnolipids (10) , the detection of rhamnolipids by thin-layer chromatography (26) , the hemolysis of erythrocytes by rhamnolipids (25) , and the growth inhibition of B. subtilis exerted by rhamnolipids (22) . Culture supernatants were concentrated as follows. The pH of 10 ml of the culture supernatant was adjusted to 6.5, and ZnCl2 was added to a final concentration of 75 mM (12) . The precipitated material was dissolved in 10 ml of 0.1 M sodium phosphate buffer (pH 6.5) and extracted twice with an equal volume of diethyl ether. The pooled organic phases were evaporated to dryness, and the pellets were dissolved in 100 ,ul of methanol. Concentrated culture supernatants were spotted onto paper filter discs (6.0-mm Whatman AA discs), which were then put onto a layer of LB soft agar containing freshly grown B. subtilis cells (approximately 109/ml) or onto agar plates containing 5% sheep blood (Becton Dickinson). Typically, 10 ml of a culture supernatant was concentrated down to 100 p.l, and 10-,u aliquots were applied to the paper discs. The B. subtilis plates were put at 37°C overnight, and the blood agar plates were incubated at room temperature for 2 days; the zones of inhibition and hemolysis were then measured. As an indirect method for the quantification of biosurfactants, the cell-free culture liquid was diluted in 0.1 M sodium phosphate buffer (pH 6.5), and the IFf was measured with an autotensiomate against a mixture of the following aliphatic hydrocarbons: 0.4% n-dodecane, 3.8% n-tridecane, 24.3% n-tetradecane, 32.6% n-pentadecane, 26.6% n-hexadecane, 12.0% n-heptadecane, and 0.3% n-octadecane (10) .
The orcinol assay (9) was used to directly assess the amount of glycolipids in the sample: 333 pul of the culture supernatant was extracted twice with 1 ml of diethyl ether.
The ether fractions were pooled and evaporated to dryness, and 0.5 ml of H20 was added. To 100 pAl of each sample 900 ,ul of a solution containing 0.19% orcinol (in 53% H2SO4) was added; after heating for 30 min at 80°C, the samples were cooled for 15 min at room temperature and the A421 was measured. The concentrations of rhamnolipids were calculated by comparing the data with those of rhamnose standards between 0 and 50 pug/ml.
For the growth stimulation experiments rhamnolipids were purified by the procedure of Reiling et al. (33) .
["4C]hexadecane uptake studies. Studies on the incorporation of 14C-labeled hexadecane into alkane-induced cells were performed in a way similar to the protocol described by Bassel and Mortimer for the yeast Yarrowia lipolytica (2) . Single colonies grown on LB agar were inoculated into LB and cultivated at 37°C at 180 rpm for 16 h; 0.3-ml samples were inoculated into 50 ml of a 2% glucose minimal medium and shaken in baffled 500-ml flasks at 190 rpm and 30°C for 22 h. The cells were washed twice in 50 ml of H20 and then resuspended in minimal medium containing 0.3% hexadecane and rhamnolipids (50 pug/ml) and incubated for 16 h. The cells were washed twice with water and finally resuspended and diluted into minimal medium to give a final optical density at 600 nm (OD6.) of 0.04. A 10-ml sample of this suspension corresponding to 0.4 mg (dry mass) of cells was transferred to a 50-ml Erlenmeyer flask, and then 5 ,u1 of an undiluted n-[1-14C]hexadecane stock solution (100 ,uCi/ml, 61 mCi/mmol, 268 mCi/g; Amersham) was added. Control experiments contained rhamnolipids (50 p.g/ml, final concentration) in addition. The cultures were shaken at 200 rpm at room temperature, and 1-ml aliquots were withdrawn at various times and filtered through glass fiber filters (0.7-pum pore size, 2.4-cm diameter; GF/F Whatman). The cells were then washed twice with 5 ml of ice-cold ethanol, the filters were placed into scintillation vials, 20 ml of Aqualuma (Lumac) was added, and the samples were counted.
RESULTS
Screening for mutant strains of P. aeruginosa affected in hydrocarbon assimilation. It has been shown that the addition of low concentrations of detergents such as Triton X-100 and Brij 35 to the culture medium stimulates the growth of P. aeruginosa cells on water-insoluble substrates-such as hexadecane (4). Moreover, we and others (20, 23) have found that purified rhamnolipids from P. aeruginosa at concentrations of around 10 pg/ml significantly accelerate the growth of P.
aeruginosa on hexadecane-containing media. These observations, which are in line with there being a need for amphiphilic compounds capable of solubilizing the waterinsoluble substrate, formed the basis for our design of a screening procedure for mutants affected in the production of extracellular rhamnolipids. This procedure makes use of the fact that the growth of cells lacking the ability to synthesize rhamnolipids is retarded in media containing hexadecane as a carbon source. We used transposon TnrS-GM (37) , which carries a gentamicin resistance gene, to mutagenize P. aeruginosa PG201 (10). This strain was found to be resistant to kanamycin at concentrations up to 200 ,ug/ml, therefore precluding the use of transposon TnS carrying a kanamycin resistance gene. Individual gentamicinresistant colonies (10,000) were picked into the wells of microtiter plates containing LB medium, and aliquots of the grown cultures were then transferred into wells containing hexadecane-minimal medium. The growth of the cultures in 138 cases (1.4%) was either retarded or absent even after 240 h of incubation, indicating that these strains may have defects in the biosynthesis of amino acids, nucleic acid precursors, vitamins, etc., or that they are affected in the assimilation of hydrocarbons.
Identification of mutants affected in alkane uptake and utilization. Since a number of different biochemical reactions are involved'in alkane utilization in bacteria, including the uptake of alkanes, their terminal hydroxylation, and the P-oxidation reactions (for a recent review, see reference 41), a strategy was designed to unequivocally identify mutants affected in rhamnolipid production. To differentiate between mutants affected in the production of rhamnolipids and mutants deficient in other functions involved in hexadecane assimilation, the 138 mutant strains that were affected'in their growth in hexadecane-minimal medium were inoculated into a minimal medium containing 2% glucose and incubated at 37°C for 48 h. As expected, many of the mutants turned out to be affected in their growth in minimal media containing glucose, indicating that they are affected in steps other than hexadecane uptake and/or utilization. Twenty different strains that grew well in glucose-minimal media were analyzed further for their growth behavior in media containing hexadecane and in media containing hexadecane supplemented with rhamnolipids. In shake flask experi- Cultivation took place at 37°C and 180 rpm. The OD660 values of 10-fold-diluted culture supernatants were determined at various times. (B) Samples of 0.4 ml of an overnight culture in LB medium were inoculated into 20 ml of minimal medium containing 1% hexadecane and incubated at 37°C. To the samples indicated by "RL," rhamnolipid was added at a concentration of 0.01%. ments, the growth of all 20 of the strains tested could be stimulated by the addition of purified rhamnolipids, although the growth behaviors of the individual strains were quite different. Two strains, 59C7 and 65E12, were analyzed in more detail in minimal media containing either glucose (Fig.  1A) or hexadecane (Fig. 1B) as a carbon source. It is evident from Fig. 1B that the addition of purified rhamnolipids at a concentration of 0.01% permitted the growth of the' two mutant strains, whereas in the absence of rhamnolipids growth was not possible within 45 h 'of incubation.
To see whether the growth behavior of the two mutant strains in minimal media containing hydrocarbons other than hexadecane was also affected, a series of alkanes ranging from dodecane to nonadecane was tested (Fig. 2) . P. aeruginosa PG201 was able to use efficiently alkanes ranging from C12 to C19 as carbon sources (Fig. 2A) . Moreover, both J. BACTERIOL. mutant strains appear to be generally affected in their assimilation of alkanes; growth on alkanes ranging from C12
to Cl9 was not possible without the addition of purified rhamnolipids ( Fig. 2B and C) . Surprisingly, mutant 59C7 reached much higher OD values than did the wild type when growing on C13 and C14 in the presence of low amounts of rhamnolipids (Fig. 2C) .
To gain more information concerning the phenotypes of the two mutant strains, a hexadecane uptake experiment was conducted (Fig. 3) . Alkane-induced cells of P. aeruginosa PG201 and the 65E12 and 59C7 mutant strains were analyzed for their capacity to take up radioactively labeled hexadecane within 60 min. Since the two mutant strains do not grow in hexadecane-containing media, the induction of the cells had to be carried out by adding rhamnolipids to the preculture medium. After careful washing, the cells were added to a minimal medium containing 14C-labeled hexadecane; samples were withdrawn after 10 cured under these conditions in wild-type P. aeruginosa cells but not in the two mutant strains (Fig. 3A) . However, the accumulation of hexadecane by the mutant strains could be restored upon adding purified rhamnolipids to the cultures (Fig. 3B) Thin-layer chromatographic analysis of culture supemnatants obtained from glucose-grown cells. The concentrated rhamnolipids corresponding to 1 ml of culture supemnatant were spotted onto silica gel plates and developed as described previously (10) . Lanes: 1, concentrated supernatant of strain PG201; 2, concentrated supernatant of mutant 65E12; 3, concentrated supernatant of mutant 59C7. nosa were carried out. These included lowering of the IFT by rhamnolipids (10) , detection of rhamnolipids in thin-layer chromatograms (26) , hemolysis of erythrocytes by rhamnolipids (25) , and growth inhibition of B. subtilis by rhamnolipids (22) . Figure 4A summarizes the changes in IFT of the culture supernatants of wild-type and mutant cells grown in a glucose-containing minimal medium. It was obvious from this experiment that there was no change in the IFT of the culture medium of mutant 65E12, probably because of the lack of extracellular rhamnolipids. Surprisingly, however, the culture supernatant from mutant 59C7 showed a clear drop in the IFT that was similar to the IFT drop in the culture supernatant of wild-type cells. Thus, mutant 59C7 appears to produce rhamnolipids in glucose-containing minimal media. These findings could be confirmed by making use of the fact that rhamnolipids have hemolytic properties. For this purpose the concentrated culture supematants from glucose-grown wild-type, 59C7, and 65E12 cells were spotted onto filter paper discs on top of an agar plate containing 5% sheep blood. The culture supernatants from wild-type and mutant 59C7 cells contain abundant amounts of a hemolysin that is lacking in the culture supernatant of strain 65E12 (Fig. 4B, culture 1) . The same overall pattern was seen in the Bacillus inhibition test shown in Fig. 4B , culture 2. In this case the concentrated culture supernatants had been applied to filter paper discs located on an agar plate containing a soft agar overlay with B. subtilis cells. In the thin-layer analysis shown in Fig. 4C , the concentrated culture supernatants had been applied to a silica gel thin-layer plate. In contrast to wild-type and mutant 59C7 supematants from glucose-grown cells, the mutant 65E12 culture supernatant did not reveal the two typical glycolipid-containing spots after orcinol-sulfuric acid staining of the thin-layer plate. The following analytical steps resulted in a quantitative measure of the sugar lipids produced by the two mutant strains. The glycolipids of glucose-grown culture supernatants were extracted with diethyl ether, concentrated by evaporation, and dissolved in water. Sulfuric acid and the sugar-specific orcinol reagent (9) were added, and the intensity of the appearing color was measured. The orcinol reaction revealed that P. aeruginosa wild-type cells produced in the order of 0.5 mg of glycolipids per ml of culture supernatant and that mutant 59C7 supematants showed roughly double this amount (on the order of 1.1 mg/ml; Table  1 ). Mutant 65E12, on the other hand, did not give rise to any color reaction in the orcinol assay, indicating that no extracellular glycolipids were produced. 
DISCUSSION
Biosurfactants are produced by certain bacteria, yeasts, and filamentous fungi during cultivation on various carbon sources, in particular during growth on hydrophobic substances such as hydrocarbons. These observations led to the assumption early on that biosurfactants serve to emulsify the hydrocarbons in the growth medium thus facilitating their uptake. A correlation between surfactant production and growth on water-insoluble substrates could indeed be shown by Itoh and Suzuki (23) . They demonstrated the stimulating effect of rhamnolipids on the growth of a mutant strain of P. aeruginosa on n-paraffin. This strain, designated PU-1, had been identified as an n-paraffin nonutilizer after nitrosoguanidine mutagenesis. Since this strain was still capable of producing rhamnolipids, albeit at substantially reduced levels compared with those in the wild-type strain, the growthstimulatory role(s) of the exogenously added rhamnolipids could not be explained unequivocally. Rhamnolipids are also produced by P. aeruginosa in media containing glucose or glycerol as a carbon source, particularly when the cells become limited for nitrogen (11, 28, 39) , indicating that they may serve other roles besides being involved in solubilizing hydrophobic substrates. The mutants that we describe here were isolated with a view toward investigating the physiological role(s) of rhamnolipids and getting access to the genes responsible for their production.
In the literature there are a number of approaches to the identification of mutant bacterial cells that are impaired in the synthesis or secretion of extracellular and cell-bound emulsifiers. Matsuyama et al. (27) used direct colony thinlayer chromatography to isolate Serratia marcescens mutants that were defective in the production of cyclodepsipeptides, and the capacity of bacterial colonies to attach to hydrophobic surfaces was explored to develop a screening system to isolate mutants that were affected in the synthesis of wetting agents. Bar-Ness et al. (1) presented evidence for an increased cell surface hydrophobicity in the S. marcescens NS38-9 mutant strain compared with that in the wild type. This change in cell surface hydrophobicity was caused by the lack of serratamolide production. Adhesion to polystyrene was shown by Rosenberg (35) to be a powerful tool to distinguish mutants of the Acinetobacter calcoaceticus RAG-1 strain that were impaired in the hydrophobicity of their cell surfaces from the corresponding wild-type cells. To isolate, out of a pool of cells, the spontaneous nonadhering mutant derivative MR-481 of the A. calcoaceticus RAG-1 strain, Rosenberg and Rosenberg (36) used a modification of the procedure described above. Surface-active strains of Pseudomonas putida and P. fluorescens were identified by Bunster et al. (5) , who used polystyrene as a hydrophobic surface for the screening of individual culture liquid droplets, which, in the presence of surfactants, spread over the surface. The extracellular aminolipid surfactin of B. subtilis is known to be a powerful hemolysin. Nakano et al. (29) isolated Tn917 insertion mutants that were defective in surfactin production by screening individual colonies on blood agar.
We have tried, without success, to adapt the direct colony thin-layer procedure to detect rhamnolipids in P. aeruginosa PG201. Our lack of success was possibly due to the facts that the amounts of rhamnolipids produced by a single colony were below the level of detection and that rhamnolipids are probably not cell associated as they are in S. marcescens. Hemolytic zones on blood agar plates are readily apparent with P. aeruginosa colonies. However, since P. aeruginosa is known to produce two kinds of hemolytic activities (due to the heat-labile hemolysin, which is a potent phospholipase [3] , and to the heat-stable hemolysins, which are the rhamnolipids [25] ), hemolysis at the colony level cannot be taken as a direct measure for rhamnolipid production. The strategy that we have chosen for isolating rhamnolipid nonproducers is an indirect one, selecting for mutants that are affected in rhamnolipid production and in alkane uptake. The question therefore remains as to whether rhamnolipid-negative mutants that would be screened for with a more direct approach would always be affected in hexadecane uptake as well. In other words, it remains unclear whether rhamnolipids are the sole key factor in facilitating the uptake of waterinsoluble substrates in vivo or whether additional factors such as the proteinlike activator for n-alkane oxidation (17) (18) (19) also play a crucial role in this.
At this point we can only speculate about the biochemical lesions in the P. aeruginosa 65E12 and 59C7 mutant strains. For rhamnolipid production, the biosynthesis of TDP-rhamnose and hydroxy fatty acids is needed to provide the building blocks that are eventually coupled by transferases (6, 7, 15) . Thus, mutations in any of the above reactions would result in rhamnolipid nonproducers, provided that the mutation is not lethal for the cell. Viable mutants of E. coli Y10 that are impaired in the biosynthesis of TDP-rhamnose have been described (30) , and it is likely that mutant strains of P. aeruginosa affected in the first of the two rhamnosyl transferases involved in the synthesis of rhamnolipids would be viable as well. Although strain 65E12 did not appear to produce rhamnolipids under any of the conditions tested and thus is likely to carry a mutation affecting any of the reactions discussed above, the behavior of mutant 59C7 was more complex. This strain, in glucose-containing minimal media, produced about double the amount of rhamnolipids compared with the wild type. On hexadecane-containing minimal medium, however, growth was not possible without the addition of purified rhamnolipids, but in hexadecanecontaining minimal media supplemented with low concentrations of rhamnolipids substantial amounts of rhamnolipids were produced. It is thus possible that mutant 59C7 carries a VOL. 173, 1991 on July 8, 2017 by guest http://jb.asm.org/ mutation affecting a gene whose product is involved in the control of rhamnolipid biosynthesis. A mutant of P. aeruginosa that is capable of overproducing an emulsifier-type compound with chicken fat as a carbon source has been described by Chakrabarty (8) . Since the nature of the affected emulsifying agent(s) has not been documented, the relationship to rhamnolipid synthesis is not clear.
One of our long-term interests is to produce rhamnolipids in strains other than the opportunistic human pathogen P. aeruginosa. The isolation of DNA sequences that are capable of complementing the defect in rhamnolipid biosynthesis and the transfer of such sequences to other gram-negative organisms might bring us a step closer to this goal. Further investigations on surfactant production and secretion, emulsion formation and stabilization, and uptake of emulsified hydrocarbons are needed to elucidate the complex behavior of growth on water-insoluble compounds. The first results of remediation work in the enhanced removal of spilled oil from Alaskan gravel show some of the promising applications of P. aeruginosa surfactants (13) .
